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Manipulator Design Vignettes 

Marvin MInsky 

This memo Is about mechanical arms. The literature on robotics seems to 
be deficient In such discussions/ perhaps because not enough sharp 
theoretical problems have been formulated to attract interest. I 'm sure 
many of these matters have been discussed In other literatures -- 
prosthetics, orthopedics, mechanical engineering, etc., and references 
to such discussions would be welcome* We raise these issues in the 
context of designing the "mini -robot" system In the A. I. Laboratory In 
1972-1975* But we would like to attract the Interest of the general 
heuristic programming community to such questions. 

1. Degrees of freedom; ser la I vs. para 1 I pi ? 

To understand the 

?ral framework for 
for classifying the 
problems. Here we will contrast two extreme kinds of anatomical 
approaches; quite a few issues emerge clearly even from this primitive 
dichotomy* The two extremes are "serial" and "parallel". 



A manipulator needs many degrees of freedom. To ui 
resul t Ing compl I cat ions, we need some sort of genei 
anal ys Is, but we don' t even have a useful taxonomy 



In a SEHIAL arm, we have a sequence of bodies, usually rigid 
rods, whose positions are determined by a series of 
constraints -- joints -- In which each constraint fixes the 
position of a body that serves as the support for all Its 
successors. Thus the degrees of freedom have a distinct 
order. 

All the Industrial manipulators are of this character. The human arm 
representative of the serial variety. In general plan, although It is 
really an Intermediate case because each joint may combine two or even 
three degrees of freedom. The human wrist, from the outside, appears to 
have three degrees, but the rotationls really associated with the 
radius-ulnar relation which should be considered a separate joint. 

The PARALLEL concept Is perhaps best Illustrated by the way 
an animal ' s body I s supported by Its legs* Here severa 1 
constraints simultaneously determine the relation of one 
body to another (the ground, in this case). A clearer 
example Is that of a crane or antenna mast supported by ftuy 
wires. Because six constraints are needed to fix an 
object In three dimensions, that bounds the amount of 
parallelism possible at each "joint". 



Is 



The sequential succession of constraints In the serial arm causes man/ 
problems that seem to grow In a multiplicative way: 

Errors and uncertainties are cascaded and cumulative. 

Rigidity Is relatively low because of long moment arms. 

Inertlal and gravity effects are large, especially If the proximal 
joints have to support the mass of the distal rotors. This and 
the low rigidity combine to produce large, annoying, low 
frequency vibrations. These make precise positioning slow (to 
avoid dangerous overshoots) and make delicate force-feedback 
measurements Impract I ca I . 

Power supply and "Innervation" require complicated "threading" 
through or around joints, especially If the motors are not 
bul It In, but work through tendons. 

Some of these problems can be reduced by making the proximal joints 
much larger than the distal ones, but this yields a massive 
and clumsy system, viz., a milling machine. 

All these problems can be controlled to various degrees, given enough 
attention to weight and dynamics, as In the vertebrate and Insect arms. 
More dramatic Illustrations of serial cascading of joints are seen In 
vertebral columns, especially of the serpent. Strictly speaking, none of 
these are purely serial/ each having two or more a:tuators for each 
joint. This Is one way to reduce the amount of serialization. 

Another way to reduce the amount of cascading Is to divide the mobility 
of the whole system Into two parts by moving the work as well as the 
manipulator. Example: In some mil I Ing-machlnes that need three degrees 
of freedom, the bed on which the work Is mounted has two horizontal 
axes; the third axis moves only the cutting-head. Another "solution 1 
is the moving-robot approach: by walking or driving about the floor, one 
gets two degrees of freedom without the cost of transmitting power and 
Information through two joints. The machine has to be attached to the 
floor anyway, one can argue, so why not exploit this? One can regard the 
floor as a bal l-jolnt with zero curvature! 

In any case, the parallel approach promises to reduce complication. 
Ball joints, with three degrees of freedom, have no more parts than 
single hinge joints. What really Is difficult Is to make a two-degree 
joint, with freedom to bend but stiff axially; this Is the "universal 
jol nt" problem. 
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1.1 Paral lei Manipulators 



The para I lei approach Is complementary, 
and features. To Introduce i t, begr 
of positioning a rigid body In 



■ *y, *Jth quite different problems 
in by considering the general problem 
space relative to a frame of reference. 



Suppose given three fixed reference points In space and 
three points on the rigid body. Then there are nine 
distance-pairs between these points, but specifying almost 
any six of these causes the other three to be rietermlnpd. 
This observation suggests a very simple and direct approach 
to design. Choose six of these distances. Then construct a 
manipulator by realizing physically each length constraint 
as some mechanical length-determining device, such as a 
hydraulic cylinder or other "linear actuator". 



Each actuator must be terminated by a spherical joint or elastic 
coupling. Then we acheive complete mechanical control of the rigid 
object simply by Instructing separately the motors for all degrees of 
freedom, without cascading their effects. 



example of such a design Is shown below: we 
„ to position one equilateral triangle with 
respect to another. The resulting structure outlines an octahedron: 



A particularly symmetrical 
choose six edges of a cube 



The six edges are the ones 
that form the hexagonal shadow 
when a cube Is balanced on one 
of I ts vert icesl 





In principle. It fol lows from the basic constraint-determination Idea, 
that one can position the body h any location and or lentat Ion in three* 
dimensional space. However, there are practical problems: 



tn certain positions the constraints degenerate (e.g., two rods 
coincide) making the position Indeterminate. The structure will 
flop. 



As we approach a degenerate s 

become too smal 1 , great forces are needed , 

buckle. 



Ituation, the mechanical advantages 
and the structure wl 1 1 



In practical Implementations, It 1$ hard to find large ranges In 
which the supports do not Interfere with one another by colliding. 
This Is particularly severe In regard to axial rotations. 

The supports must subtend a substantial space angle to Eet much 
stiffness. On the other hand, an arm should subtend a small space 
angle (looking from the hand) to achieve dexterity. In optical 
jargon / one wants a hand to have a large *T-number"l 

The ability to get around obstacles Is limited. With a serial arm 
one can use redundant degrees of freedom to get a tentacular 
effect. It Is an illusion, however, that serial arms Inherently 
provide dextrous access, since unless the elbows are redundant, the 
multijolnted arm doesn't allow for alternative paths. Of course, 
with six degrees of freedom one has a three-dimensional selection 
of ways to reach a point In the workspace, and one can trade 
between global arm-path configuration and the precise direction of 
arrival at the work. 

The actuators must be length-changers. In contrast to those In the 
serial arm, which can be linear or angular. This Is usually a 
large advantage, because In the paral lei system, the natural way to 
effect constraints Is by pulling tendons. Cable-pulling mechanisms 
are easy to design and can be very compact. 

Although parallel systems have disadvantages, these seem quite 
different from those of the serial system. There are Important 
advantages, as wel 1 . 

Very great simplicity, because of the non-interactions. 

The Instrumentation of force-sensing Is particularly 
convenient; the longitudinal stresses In the supports 
determine completely the forces operating on the mobile plate 
(unfortunate! y. Including gravity). As shown In 1.3 below, 
one can exploit this to get very elegant and useful kinds of 
force- and tactile- feedback. 

The forces are entirely axial, so that light/ thin tubes can 
yield great strength. Serial arms In general, and angular 
actuators In particular, have bad weight^st rength 
character I sties. 



1. 2 Problems: 

Design a geometry that gives better rotational mobility. 

Can one separate the degrees Into two sections, which engage a 
ball-screw and nut pair, to get extensive rotation? Is there 
a simple attachment linkage that gets such an effect? 



Each ptate can be located 
anywhere In space. The two 
1 oca t ions determl ne the screw 
location, and their distance 
apart determines the screw 
rotat Ion. 




There are less symmetrical parallel configurations that are easier 
to understand. One can separate out three axes for location, two 
for orientation, and the sixth for axial rotation* Is this a good 
Idea? it might make heuristic planning easier In some situations, 
but that would not justify realizing that decomposition In the 
hardware. 



Idea: stack up two or even three o 
control all the resulting motions, 
"oral 11 * or snake- like system, but 
complexities. However, suppose on 
related arrangement that dupl Icate 
section. This would double or trip 
would also Impart a helical charac 
probably be more a nuisance than a 
not too flimsy, would eliminate ma 
octahedral system. Perhaps contro 
degree-of-f reedom version could be 
"four I er -analyst s" concept dl scuss 



ctahedral sections* If one could 
one would have a highly dextrous 
let us agree not to consider such 
e could Invent a linkage Or 
s the constraints In each 
le the rotational mobility. It 
ter to the motion, which would 

virtue* Such an Invention, If 
ny objections to the simple 
1 of the more complex, excess- 
done by an application of the 
ed below* 



How can one design such a system with counterspr Ings or 
counterweights to cancel gravity, to permit more sensitive 
sensing? 

Consider tension-extension trades. One 
system would have a single 
Incompressible rod (with extension 
motor)w!th the other five degrees of 
freedom constrained and actuated by 
cables, a% In an antenna guy-wire 
arrangement, or as In a bul Idlng-crane. 
Cable pullers are much simpler and 
lighter than linear compression 
actuators; all one needs Is a motor and 
a spool. 



force 
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Finally, oneright consider *eoiietrles in 
which ALL constraints are tension. The 
simplest version of this makes anchor 
points span more than a half-nlane about 
the workspace, which Is a nuisance. But 
the hand am esl ly be cant I I eve red to be 
outside the convex hull of the support 
points, as shown here. Although we 
discussed tripod-based geometries above, 
there Is no reason the six constraints 
should not be anchored from four, five, or 
six space points. One needs at least four 
for the all -tension model. With redun^anr 
cables, one could overcome sore of the 
collision problems, at some cost In 
compl teat Ion. 



1.3 Can You Visualize This? 



In the octahedral geometry proposed above, the substructure of six rods, 
each meeting two others at right angles. Is mechanically rigid, even 
though the rods are perm I tted atial rotational freedom at any point (but 
constrained to meet one another at right angles). However, there Is 
another such "circuit" of six rods: 





RIGID 



NOT RIGID 



This "I inkage" 
contorted In a 
ewery posl t Ion 
form Is a non-local 
explanation of this 
structures out of s 
equl val ent . 



Is not rigid, but has one degree of freedom 

remarkably tortuous cycle in which each rod 

In the structure. Thus, the rigidity of the 

feature of the structure. Can anyone g 

degeneracy? To experiment, you can make the 

Ix r Ight-anflle "BMC" type radar connectors or 



and can be 
occupies 
"octahedral" 
ve a sirrpie 



2. FORCE SENSING 

I wish I understood better thr issues concerning kinesthetic feedback. 
The advantages of "bl lateral " servomotors over "open -loon" control are 
easily demonstrated/ but my own experience Is that the quality of the 
"feeling" one gets In operating a bilateral master-slav* manipulator Is 
very low. If the gain Is high, the system Is unstable, whllo if the 
gain is modest It feels mushy. Presumably the inertial forces, when 
reflected back to the human user, cannot be opposed quickly enough 
because of our 200 millisecond reaction time problems. 

How does the human arm and control system manage 50 well? We have at 
least three levels of not-too-t Ight 1 y coupled systems with sense and 
motor devices of different characters: mo tor- force (as in the bilateral 
servo manipulator s), local strain sensing at the joint areas, and 
tactile sensing at the exterior surfaces* This In format Ion is used, 
then. In a heterarchi cal control structure* 

How does this control structure work? I do not know the literature very 
wel 1 . I suspect that It Is not we I 1 understood, and the control -theory 
analyses I have seen (but not studied) do not seem to get to the point. 
Presumably, the heterarchlcal system uses several different kinds of 
information, about position, pressure, speed, etc-. In local systems 
each with its own loops and parameters. The control structure couples 
them by sending around signals that adjust gains, time-constants, etc. 
The higher levels computer these by combining state information with 

gOal informal lOn. 

What's wrong with the simple "bilateral servo" system? (This Is the 
system that measures the forces reflected through the motors that 
actuate the joints.) One trouble Is that the force on an exterior object 
is the SUM of the driving force and the Inertl al force of the moving 
system, as It Is decelerated by pushing on the obstacle. The "force- 
reflect Ing" servo can never see the latter force. Forces at the hand 
depend on momentum terms from all the way up the arm, "Theoretically", 
the control system can contain a dynamic model of the arm, compute the 
Inertia! forces, and subtract them from the actual measurments, but this 
means measur ing smal I differences between large numbers, and there Is a 
lot of noise from friction, dynamical \*bratlons, and so on. The gravity 
forces have to be subtracted, too. Notice that In the serial arm this 
is not an all-or*none argument. The signal-noise ratio just mentioned Is 
poor for the "upper" or "proximal" (near the arm origin) joints and good 
for the "distal" (near the hand) joints. For a non-redundant mechanism 
there Is no sure way to guarantee that the sensitivity required for a 
delicate manipulation will be reflected to a suitably distal joint! 



past B 



Thi s argument shows a fundamental advantage, I think* for havl n^ a 
complete set of force-sensors In th* wrist or very close to the work- 
point. That is, for a system like that described In 2.1 below for 
measuring forces near the workpolnt without the noise of large inertial 
components* With a wrfst force-sensor, one kiows Instantly when th^ 

hand has made contact, and how hard. If the arm Is moving rapidly, one 
cannot stop It Instantly, but If the wrist can be relaxed while the 
upper arm decelerates, the contact can still be gentle* 

What, by the way, Is a relaxed wrist? In a non-redundant configuration 
one can have high compliance ™ low-inertia! gentle contact -* only 
along those dimensions whose actuators are close -- In the serial 
sequence — to the hand. This Is why one should give a high design 
priority to getting at least three degrees to combine in a recognizable 
wrlst-IIke structure. AnthropomorphI sm has a lot going for It- But It 
Is hard to put all mobility at the wrist, and even the human hand is 
vulnerable to thrust through the radial axis: as In catching a halt on 
the end of one's finger. 

In any case. If a redundant wrist Is relaxed, and the force sensors 
signal a col 1 i si on, there may still be time to react before the pressure 
gets large; with a non-redundant bilateral servo, the poor signal-noise 
ratio requires us to wait until the force Is larger. 

If we cannot afford full motorization of the wrist, It would still be 
valuable to have a spring-loaded, lockable, compliant joint there. 

The same arguments. In micro-form, apply to finders as well, and dictate 
a third stage of sensing. This again might be a combination of joint* 
force elements and, of course, the ultimate dispersion of nerve-endings 
on the tactl le surfaces. 

2.1 Force feedback for posi t lon-sensl ng. 

Speaking of tactile sensors. It Is an amazing mathematical fact that, 
under certain condi tlons, one can use joint force-sens I ng (or even 
bilateral servos) to get the effect of tactile sensors over a surface. 
That is, the measurements can tell where a surface has been touched! The 
"certain conditions" ar* simple and somewhat restrictive; the surface 
must be touched *t just one point. This Is not so bad, because this 
usually happen*; *t a "first contact". If the condition Is not met, one 
still gets important Informat ion that can be useful when combined 
heterarchicaM y with other knowledge. Let's first see how force-sensors 

can yield no si t » on In format Ion, 
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Consider a rigid bar supported by two force sensors A and 8: 




If we press at point "A" with unit force we tJ 1 1 tead 

A * 1 8 ■ 

If we press with unit force at "B" we win read 

A ■ B » 1 

If we press at "C M we will read {assuming A and B are one unit apart) 

A + 8 « 1 (total downward force) AND 

2A + 3 * (zero net torque), hence, 

A = -1 B • 2. 

More generally. If M x" Is the distance from A to C, and "F" is the 
force, we will have: 

A ♦ B • F 

AX + (B-l)x ■ or Fx-B » (torqup cancellation) 



so that we get 



B/(A+B) 



showing that we can read from the two dials, almost directly, both the 
location of the force and Its magnltudel By a similar argument (In 2.2 
below) we will see that if a triangular plate Is supported by three 
scales, we can again locate the point of application of an arbitrary 
force and Its magnitude, even though It can now he anywhere In a plane. 

Can we do better? A fixed body Is subject to six constraints, so we can 
make three more measurements. We do this in 2.2 and show that with sl> 
such readings, one can determine not only the place and magnitude of the 
appl ied force but also its orientation and Its axial torque. More 
precisely, we can determine the force vector up to lying on a definite 
1 Ine in space. 
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Here Is a false argument to make this 
result seem plausible. Imagine joining 
two triangular plates, as above, at 
right angles- When we apply a force to 
this object, the read Ings on the six 
scales would determine two points, one 
[n each triangle. One might be tempted 
to conclude that that the line of force 
Is exactly the line determined by those 
two points. 



That argument Is false because the scales' configuration doesn't 
constrain the body along the line of Intersection, but It suggests why 
such a measurement might be possible. In 2.2 we carry out the analysis 




completely for a fully constrained configuration. 

Before doing the calculation we point out an Important consequence, 
we can determine the line of application of a force then we can 
determine the point of application of the force -- provided only that 
know the shape of the surface! There Is no reason to restrict our 
surface to be a particular plane; given any convex (and most any non- 
convex) shape, a space tine enters the surface at a unique point. So 
the six-axis force measurement can serve as a tactile-position sensor 

over the entire surfacel 



If 



we 



2.2 Exact calculation of the Octahedral Straln-Guage 

We now show how to resolve the force on the "octahedral 11 arm by a 
sequence of easy superposition steps. This derivation Illustrates the 
immense power of knowing a system Is linear: It Is just a sequence of 
superposl tion arguments. 



First consider an equilateral triangular 
plate supported by three scales at A B 
and C. Let "a", "b", and "c" be the 
distances from an arbitrary force point 
to the corresponding opposite sides ■- 
these are the so-called Barycentrlc 
Coordi nates. 
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If F Is the magnl 
system Is In vert 
proportion to the 
example, by vl ewi 

AH - F« 



tude of the force/ then F • A + 8 + C because the 
leal equilibrium. And the three weights are in simple 

three distances a b and c* One can see this, for 
ng the scene In a plane orthogonal to the line 3C: 



BH - Fb 



i 



CH 



Pc 



AS - 



BBwC 



where aF - AH, fo 
because of cancel 
moments aF and AH 
find the exact po 
F, given these th 
con ven I en t now to 
Cartesian Coord! n 
by paral 1 e log rams 
x ■ a and y ■ ^ 

A force on the pi 
components as wel 
We will detect th 
more strain gauge 
senses different I 
paral lei to a sld 

We have shown a t 
x* and y' * No ma 
dictates that 



r example, simply 
lat Ion of the two 
a So It 1 s easy to 
Int of appl Icatlon of 
ree measurements. It 

Introduce some 
ates, and one <an see 

of forces that 
(c * b) 



ate may have tangential 
1 as normal (downward)* 
ese by add I ng three 
s as shown here. Each 
al motion along an axis 
e of the triangle. 




angent lal force 
tter where such 



F* lying 
a force I 



N THE PLANE, with components 
t appl led, equl 1 Ibrlum 



x' - fJj/^C'-B') and y 1 - CV2+B'/2-A r 



So these three measurements give us the direction tan (y'/x 1 ) 
and magnitude A 1 ♦B' *C* -A'B' -A' C'-B' C 1 of the tangential force 
component. If the actual force has both normal and tangential 
components we note that |A,B,C| still cfetermlnes the point of 
application, since the three new gauges do not affect the normal 
measurements* 
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Thus from our knowledge of the tangential F' and the normal F, we get a 
complete three dimensional description of the total forre F* In a/lmuth- 
*levatlon coordinates: 



elevation B n tPk " (A*B*C)/ | F * 1 



*zlmuth <f -• tan' EC'+B'+W 1 >/*' 



showing that the actual computation Is not particularly compl I caced. 

We derived only two quantities, *f and & from the three measurements 
|A', B 1 , C'|. What Is the third dimension? We claim It Is the 
tangential torque on the plate. To see this, assume that the strain* 
gaugfs' deflections are approximate! y 1 1 near In for ce, and cons (der the 
energy of distortion of the system regarded as supported by springs, 
niven a certain force, the energy In the tangential springs will be 
minimal when there I sno torque, simply because an applied torque will 
always be resisted- hence will Increase the system's energy, which Is 

proportional to A 1 * ♦ B'* + C 1 ** .For a pure y-^force we have B' ■ C 1 and 
F' ■ C 1 * A'* In this case E - A'* ♦ 2(A' ♦ F'Pwhlch Is a minimum when 

F' • -5AI/2. 

It follows that * A'+B'+C 1 . 

A glmflar argument shows that a pure X~force also yields A'+B'+C* 0. 
He^C4, by superposition, since each term Is a linear function of all 
forca components, this sum Is zero for any torque-free force. 
Fur ;herm>r*i A'+B'+C 1 Is proportional to torque applied at the center, 
Is Invariant of all translation forces, and Is the only remaining linear 
function that Is so invariant, so It must be the torque -- assuming 
correctly that the torque Is a linear function of the measurements* 

In practical application of this calculation, one might assume ti«at no 
tangential component of torque actually can be applied to the surface In 
ordinary manipulation. That would require a push-pull couple, and 
pulling requires gib*. Normal components, however occur naturally at 
ordinary frlcf-** '-'irfris;* . r.^ff . 
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Now, finally, we return co the 
octahedral strain gauge. We will first 
replace our "normal" and "tangential" 
gauges A* and A by the oblique gauges BA 
and AC shown here. Note that now al 1 
four of A, A 1 , BA, and AC lie In one 
plane! Therefore: 



A 
A' 



pBA 
rBA 



qAC 
SAC 




coordl nates 
gauges In our 



by a simple planar change of 

base point for attaching two 

configuration. Again we can use a planar 

the Indicated d I mens Ions for 

B, C*/ AB, and BA He In one 

the correct pair BC* and C*A 

clutter — by another planar 



Now In our diagram. 
Initial octahedral 
mmmv. conf Igurat ion, for by 
d and d/3 we have arranged that 
plane. Hence, we can replace A 
-- not shown In the diagram to 
transform; 

p'BC* ♦ n'C*A 
r'BC* + s'C*A 



C* is the 

choosi ng 
al 1 of A, 
B and BA by 
avoid 



BA 
AB 



which completes the entire analysis, 
condensed Into a 6x6 matrix; 



The entire transformation can be 



p"BC^ 



q"C*A * r"AB* * s"B*C 



All this appl les 
would I ndeed 



only to smal 1 



y to small distortions in the structure, as one 
have In a quas i - I sometrl c strain-gauge. If one wants 
substantial motion, as one would In a bilateral force^servo In which the 
beams of the octahedral supports Are- also the manipulator's decrees of 
freedom, the coefficients would not be constant, and one would need 
trigonometrical approximations* 



When I first considered the octahedral configuration, I asked Jayant 
Shah to analyse the forces, and he observed the theorem that one could 
resolve the force along a unique space-1 ine. I had assumed that there 
was a lot of good Information, but had not realized exactly how much. 
Shah also wrote down a matrix analysts (not using all thpse symmetry 
tricks) for resolving the forces. We cannot find any copy of Shah's 
bri ef report. Does anyone have one? 
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We decided 

conf Igurat 
forces and 
version that 



to build a 6-axIs wrist. Shah concluded that the symmetrical 
on might require excessively large dynamic range to represent 
torques both adequately/ and designed an unsymmetr leal 
was actually built, with the help Of Tom Callahan and John 



Roe. It Is currently working/ and (November 1972) has been programmed 
by Oavid Silver to turn nuts on bolts In a strikingly natural and smooth 
procedure. 



On completing the present analysis/ 

with the octahedral conflgurat 

to diameter) shoul d 

The 

weigh 



I think It might be 
The ratio of height 



the octahedral configuration. The ratio of height to 
ameter) should allow selection of force-torque senslt 
ymmetrlc design Is much easier to fabricate, and has 
t-strength properties because all the forces are alon 



better to stick 
to depth ( length 
Ivly ratio, 
excel lent 
ng axial rods. 



Here are two configurations that might 
be reasonable — light and easy to make* 
The first Is simply a perforated 
cylinder/ with strain gauges along the 
remaining parts. The anchor-ring form 
can be as sensitive as one warns, and 
the stralngauge mountings do not 
Interfere with the Insertion of the 
struts: It might be very good for use 
with LVDT displacement sensors. 





It Is tempting to consider combining the force sensor and a position 
servo In each of the six beams, to make a mobile force sensing wrist. Of 
course/ once the thing moves appreciably/ the resolution of forces will 
require the more general calculation, with trigonometric coefficients. 
But this should not be a serious problem because I am sure that there 
are powerful computational short cuts for such configurations. See 
section 3. 



I'm sure there are competitive designs. Six-axis force sensors are 
common In Instrumentation, This one has a particularly nice clear 
central channel. A wrist really doesn't need great rigidity; later we 
make a case for the contrary. So the dominating design criteria might 
well be centered on making the sensors rugged and with great dynamic 
range. 
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3. Approximation and Interpolation 

It Is quite easy to program a numerically control led rrt I llnfj machine to 
move to a specified space-post t ion. The motion axes of such a machine 
are orthogonal, and so one has only to move each axis the required 
distance in Cartesian coordinates from where It Is to where It should 
be* 

But there has grown up a myth that. If an arm has a less regular 
geometry, things are so much more complicated as to pose critical 
difficulties. It Is thus often suggested that there are serious 
problems In programing an arm with several rotary joints, or one with 
more degrees of freedom than are absolutely required. So prevalent Is 
this belief that (we suspect) the mechanical design of advanced 
ma n i pu 1 a 



s in programing an arm with several rotary joi 
jrees of freedom than are absolutely required, 
lief that (we suspect) the mechanical design of 
a tors has been constrained according I y. 



What are the problems? There are different ways that a computation can 
be complicated. The mathematical solution might be opaque. Indeed, with 
a complex arm, the hand-position expressed as a function of the joint 
parameters Is messy. Involving a cascade of trigonometric matrices. 
Accordingly, closed expressions for the Inverse transformation (joint 
position as function of target position) are Intractable, except perhaps 
by MATHLAB standards. 

This does not necessarily mean, however, that the computation Is 
Inherently expensive, slow, or very hard to program. We discuss briefly 
how It can be done efficiently, using a rather substantial amount of 
memory but otherwise economically. Then we shall discuss how the 
principle might be used also as a basis for a theory of more complicated 
postural control problems. 

I have decided not to write this section now, because I 
don't understand It well enough yet, and waiting for It 
would delay the rest of the memo too long, Papert and I have 
examined various special cases, and so have a number of 
students. The basic Idea is this: one divides the real- 
world space Into domains by selecting vertex points for a 
convex subdivision. The Input coord I nates (In joint-position 
space) for each vertex are stored In memory. Then, to find 
the joint-posit Ion coordinates for a point specified by Its 
real-world coordinates, we find the vertices of the convex 
cell that contains this point, and apply an Interpolation 
formula to the joint-coordinates associated with those 
vertices. Thus we have a plecewlse linear approximation 
system. 
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For the human arm, we think that less than 100 points would be necessary 
to build an adequate partition, within which the Interpolation accuracy 
would be acceptable. The thesis of Gresser, on controlling a redundant 
(12-degree- of-freedom) arm Is relevant to this Idea, 

Problems to be discussed: 

How does one combine approxlmac ions for body, head, eye motions? 

What Is a good space-lattice? How many points? 

How does one find the smallest cell containing the goal point? 

What Is good Interpolation formula? 

What about critical points? How does one treat "dead center' 1 

regions. What about global sectioning of general access zones? 

Need the near~po!nts form a convex container? Should data contain 
derl vat I ves? Should loca I motions be referred to local 
coordinate system (resolution Into orthogonal components)? 

What about redundant degree systems? Should alternatives be 
expl Icl t? How about path -pi anni ng? Proposal : a sma 1 1 
col lection of prototype paths, plus perturbation programs. 

How Is the table formed? Does one ^recalculate mathematically? Or 
can It be learned easily? For the full posture model/ there Is 
a problem of staging --- as In finding coefficients of 
mult I level percept ron. 
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1. Finger design. The "Escalator Grip" 
People are always arguing about how complicated a hand should be, 
3 uestlon" W<1 ' S 3 ratlonal way to discuss such 



but 



Lrlt fhn! Ll it e US ! ful E ° " V flbOUt thls - ,n the meantime, wp can 

agree that the Issue can be put aside for a time If we make the hand 

capable of us ng sped al -purpose tools. This suggests that *s 1 mlmlnum 
« 2?? ! "J '"" SUDD,einen ' ■»«*»■« pipping function, with a m|m[num ' 
capability for easy power and sensory connections to tools. 

Ul^ill fH '?" S ° Sl T D ' e that '* m, * nt be considered a cheat. We 
provide the Inner surfaces of one or two finger-tips with a roller or 

^™,^'i thaE h3S f/'^-^'ct.on surface. It can be ac u | e r 

direction by motor. If the two grlppers are slightly divergent then 

Ih^"?,^" l t C C i? S aga ' nSt the ob ^ cC c ° be graspedrand the 
traction will draw the object firmly Into the grip. Delicate rolling 

d??f Iruir'lX ^l™* V* ava,lab,e - Although ^ctlle sensing f 

illltVt\Z D lrT,. SUrfaCeS ' ° nC C ° U,d «**«»«. by force-Instrumenting 

2Sh« , I«In^ U Jh*"k«J "J 1 !.* 1 D ? Wer sourc « f ° r small power-tools that 
J! iLiSlSI** aS ! °I E ? 8 8 r| P«r; a two finger grip would supply 

two Independent power feeds Into the tool. One could even get three 

22IH!h , Q ° ntr0, < b V 5inE the «rlp motion a5 well, Into a su tabty 
designed micro-tool. For feedback, we might use a fibre-optic coupling. 
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5. The Fourier Wrist Principle 

A wrist needs mobility/ strength, and a protected Instrumentation 
channel for Its hand. To give the hand access to the work from different 
directions, a wrist should be slender -- the arn should subtend a small 
space angle as seen from the hand. Because the wrist Is near the hand, 
large angular errors mean relatively small absolute errors, so absolute 
accuracy of angular control Is not very critical. For the systems we 
envision, wrist control would he adequate even with Increments of 
several angular degrees. 

These requirements suggest the use of a deformable tubular structure. 
In very small scale systems the requirements of strength and rigidity 
virtually dictate using "exoskel etal 1- or tubular structures: central 
rods are not stiff enough and pin-joints are too weak. The tubular 
construction Is also attractive for Instrumentation, because the 
information channels are insulated by the exoskeleton, and the interior 
Is a nearly constant-length environment, 

Dl screte ( local I zed) joints cause serious problems both for exo- and 
endo- skeletal structures. The bending radius is very small at a 
discrete joint, and to avoid this one has to route tendons and other 
elements along complicated paths. 

An apparent solution to all these problems Is 

to use a continuously flexible tube. This 

section Is about some aspects of such a 

design. The simplest such wrist, no doubt, 

is a plastic tube or rod deflected by 

external tendons constrained to Its exterior, _.-._---. 

as shown here. This has problems and **** ** 77r ' Si'EnHiP 




■# 



advantages : 



i t * 



STRENGTH: Tubing has the best strength-weight characteristics. 
However, flexible tubing has to be weaker, and tends to buckle and 
collapse under load. A compromise Is discussed below In 5.1* 

BENDING: Under a pure bending force, the curvature tends to be 
uniform. Under more complicated loads an elastic beam tends to be 
wobbly, and bends non-unl formly. We discuss stabl i 1 1 zat Ion 
schemes In 5.2 below. 

CONSTRAINT: Tendons tend to spar* across concave arcs, and have to 
be constrained. The constraints may cause friction and wear 
prob lems. 
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5.1 "Vertebral" Segmented Columns 



Many of these problems stem from the fact that to make a beam fWlble 
we must either make the tubing thin, or use a material with small 
elastic modulus — In short, make It weak. One kind of solution Is 
use a strong material and get the flexibility by slipping. 

Two ways to do this are shown here: The 
segmental method solves the problems of 
longitudinal strength, tubular collapse, and 
suggests several methods for tendon 
constraint. The segmental approach makes the 
column stability problem worse. It offers 
the possibility of variable stiffness In 
exchange: one can use friction to lock the 
system by pulling all the tendons, to get 
greater rlgl di ty. 



to 



Also, one can make the 
wrist, by relaxing the 
of motion. This prlncl 
positioning devices. 




friction very low / to get an extremely compliant 
tendons that act counter to the desired direction 
Pie Is used In several comnercial holding and 



An Idea that has come up from time 

that I s< to make 



column digital ly, 

states. One might blnary~code the 
feasible, for a wrist, since one ought not 
of control. The purely binary scheme does 
because one would not want any one joint to 
large angle. 



to time Is to mechanize a vertebra? 
each joint have just two or four 
ingular deflections. This ought t<? be 
need more than about 5 bits 
not seem too good, however, 
have to rotate through a 



5,2 



Flexibility and Harmonic Analysis 



f we want to distribute angular deflections over appreciable path 
lengths, we have a theoretical problem about controlling the excess 
degrees of freedom. (To count degrees of freedom for a continuous 
one has to use a signal theory method. If one describes 
configuration In terms of spatial 
attenuation of high 



one describes the 
frequencies, there Is a rapid 
frequencies.) In any case, we art interested In 
case where there are more degrees than we are prepared to control 
expl Ici tl y. 



rod, 



the 
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The curvature In a beam tends to be constant/ oth*r things 
being equal , because the strain energy Is a faster than 
linear function of local curvature. So the energy of thp 
beam has Its minimum for a given total curvature when It Is 
uniformly distributed. Unfortunate! y, this quadratic 
minimum means that the resistance of the system to 
perturbations that transfer a smal 1 amount of curvature 
between two different segments Is very small. Thus the 
uniformlzlng tendency Is poorly coupled to the gross spatial 
conf Igurat ion. 



Now observe an Interesting phenomenon 
wl th tendons constrained close to the 



that occurs In 
surface of the 



a f lex! hi e wrl st 
tube. 



To a very good 
Independent of 



approximation the net change 
the tube's conformat Ion, 



The basic phenomenon stems from the fact that 
for small angles the x ■ sin x approximation 
Is very good. Consider a flexible rod with 
opposed def lect Ion tendons , and shor ten the 
upper one a distance Di (Actually, the tendon 
on the convex side will be pulled In by about 
the same amount. In the analysis below, let D 
• ■^ (he dl ff eren^e, ) 



I f the rod has 
the other, the 

Hence A - D/T, 
I $ Independent 



thickness T and length L, and one s 
rod will bend In a curve for which 

ACR+T) - AR - AT ■ D 
where A Is the bending angle In rad 
of U 




shorter 



ians. Note that this 



Now, we assumed uniform curvature In this argument. But suppose that the 
rod Is actually bent sharply In one part and gently In another. Then A - 
01/T * D2/T ■ D/T again, so that for a given total difference in tendon 
length one gets the same net angular deflection of the tip Independent 
of how the curvature Is actually destributed along the rod) In other 
words, the same D Is compatible with all configurations that begin and 
end with the same directions, such as In 






L 



«r 



As 



S 



or 



§ 



f., O/^i f 
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ne might be able to make a nice parallel-ruler device exploiting this 
rlnclple. Handling such a beam Is an experience; It se*ms complete! 
ree for translation but firmly constrained for direction of the tip, 
hich seems to have a mind of Its own. 



One 

P 

fr 

wh 



Now to enforce uniform curvature, we must distribute Increments of 
uniformly (In length) along our beam. Consider a first approximation 
which D ■ Dl * 02/ In two equal halves of L; then we want somehow to 
constrain 01 ■ 02. Solution: add an extra tendon firmly attached at 
both ends but crossing through the rod at the middle. 

Then one can write: £ftlj "»""-- " ' ~* 



LI 



L5 



L3 

L2 



U 
U 



L 
L 



ndentlty) *rrrr 

( Initial condition) 
(good approximation) 



=3 



Hence LI ■ L2« Thus the extra constraint divides the curvature equally 
between the two halves. One could add still other constraint-cords, 
crossing over at other points: the problem Is to equalize the 
deflections In each segment. Two examples of how one might do this for 
for more segments: 




Note that each wire needs 
curvature control , 



a symmetrically opposite one for negative 
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Discussion of Example 2: We have shown several constraint cords with 
suggestive labelling. Each cord runs the full length of the rod, so 
that the effects are global (no accumulated error). Let Dl and -Dl be 
the length changes at the top end bottom of the 1-th segment. Then wt 

have: 

■ + + 

sin A: Dl ♦ D2 - D3 - Dit - 

cos A! Dl - D2 - D3 ♦ Dfa ■ 

sin 2A: Dl - D2 ♦ D3 - 0* ■ 

The first two equations yield Dl - D3 ■ 

The last two actuations yield Dl - D2 ■ 

The first and last yield Dl - Dk « 

So all four segments have equal change: the total change D Is 
controlled by the top straight fibre* 

Our choice of trigonometric libels was based on a strong analogy. We can 
use the "constraint" cables for control as well! If we shorten the "sin 
X" cable by an amount D+ the equations still yield 01 - 02 and Dl - Oft, 
and (assuming the straight fibre Is unchanged) the rod assumes a sigmoid 
for still with the original tip- direction: 

If we let C(x) be the curvature of the rod as a function of length, we 
now have 

Clx) - 0* sin l~) K-- WtfM ^ ^ 

Controlling the other fibres similarly, we can develop the curvature of 
the rod In a Fourier series; 



ct*> - !<p%* »««¥ * ^^ 



, —*& 



It would be Impractical to do this for more than eight segments, and 
four would be quite enough for most purposes. 
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5.1 Three I mens Ions 

Extending this Idea to controlling a space-curve promises to eliminate 
two nuisances. First, by winding the tendons around the beam Instead of 
through t, we avoid penetrating the central core. (2) This same scheme 
can eliminate the occurence of "dead" Intervals at which the tendons are 

T r l. e «V n" d SO h Dr ° V dC ,,Ctle constraining force (poor mechanical 
advantage . Our scheme Isto use Helical winding Instead of 
Slnusol da!. 

Using helical winding one avoids the problem of tendons escaping from 
are rSulrld '* appears that a Iar * e numb '' r ° f f,br es 

The four pairs of the 2-d case must each be duplicated in 
two planes. Our Idea Is to make two sets of wndlngs, 90 
degrees opt of phase. In both directions around the 
cylindrical rod. Each must bt duplicated again. In the 
opposite direction, to oppose the effects of axial torque. 
That makes 16 pairs of fibres. Since we really do have 8 
degrees of freedom, the system certainly needs 8 tendon 
pairs. Possibly, half the windings could be eliminated If 
.the tube has enough Inherent axial stiffness, but this is 
not easily compatible with longitudinal flexibility. One 
way to get the required kind of stiffness Is to have hinge 
joints In alternating orientation, as In the lobster arm. 

These Issues are not so serious. Even a two "segment" arm. In three 
dimensions, would already be a splendidly mobile device, and Its helical 
geometry problem does not look very dl f f Icul t. Gofng to four "segments" 
may raise more serjous problems about friction and tendon-crossovers. 
f.!„ • u mS , ,n 'fS serles sets us Involved with long eables (the "high 
frequency" s nusolds wrap around the rod a lot) and would probably cause 

^nTd e h CC ? naI b,n J' n * Problems because the forces normal to the tube 

Sur's^en? des^ns™'" f ° rC « d ° n ' '° 0k SeH ° US for the **» •«- 

algebra! °** t *" - Vhree-.egment model . There Is a problem In the 

S.h Master-Slave Control 



